Oligoribonucleotides containing a 5 0 -phosphorothiolate linkage have provided effective tools to study the mechanisms of RNA catalysis, allowing resolution of kinetic ambiguity associated with mechanistic dissection and providing a strategy to establish linkage between catalysis and specific functional groups. However, challenges associated with their synthesis have limited wider application of these modified nucleic acids. Here, we describe a general semisynthetic strategy to obtain these oligoribonucleotides reliably and relatively efficiently. The approach begins with the chemical synthesis of an RNA dinucleotide containing the 5 0 -phosphorothiolate linkage, with the adjacent 2 0 -hydroxyl group protected as the photolabile 2 0 -O-o-nitrobenzyl or 2 0 -O-a-methyl-o-nitrobenzyl derivative. Enzymatic ligation of the 2 0 -protected dinucleotide to transcribed or chemically synthesized 5 0 and 3 0 flanking RNAs yields the full-length oligoribonucleotide. The photolabile protecting group increases the chemical stability of these highly activated oligoribonucleotides during synthesis and long-term storage but is easily removed with UV irradiation under neutral conditions, allowing immediate use of the modified RNA in biochemical experiments.
INTRODUCTION
Phosphorothioate-containing oligonucleotides, in which sulfur substitutes for one or both of the non-bridging oxygens within a specific phosphodiester linkage, have found numerous applications in diverse fields ranging from enzymology (1) (2) (3) to therapeutics (4) (5) (6) (7) . Their widespread use depends in part on their relative ease of synthesis-phosphorothioate linkages are introduced via a sulfurization step that can be programmed into automated solid phase oligonucleotide synthesizers (8, 9) . In contrast, oligonucleotides in which sulfur substitutes for a specific 5 0 or 3 0 bridging oxygen, or phosphorothiolates, have presented a more difficult synthetic challenge, requiring alterations to the sugar moiety itself (10) . While phosphorothiolate oligonucleotides have not been investigated as thoroughly as their non-bridging counterparts, significant interest in their synthesis has grown in recent years as new applications have emerged (see Supplementary  Tables S1 and S2 ). The 3 0 -phosphorothiolate, in particular, has helped to elucidate the mechanisms of several RNA (11) (12) (13) (14) (15) (16) (17) (18) and protein (19) (20) (21) (22) (23) (24) (25) enzymes involved in chemical manipulation of nucleic acids. This linkage has also facilitated conformational studies of oligonucleotides because it shifts the conformational equilibrium of the ribose sugar to favor the 3 0 -endo over the 2 0 -endo configuration (26) (27) (28) . The 3 0 -phosphorothiolate may also form the chemical basis for a DNA sequencing method involving silver nitrate-mediated cleavage of the sulfur linkage (29) .
Oligonucleotides containing a single 5 0 bridging sulfur atom at either DNA/DNA (d[B 1 psB 2 ]) (30) (31) (32) (33) (34) , RNA/DNA (r[B 1 ]psd[B 2 ]) (35, 36) or RNA/RNA (r[B 1 ]psr[B 2 ]) (37) linkages have been synthesized and used as mechanistic tools (see Supplementary Table S2 ). Oligodeoxyribonucleotides containing 5 0 -phosphorothiolates (ps) are suicide substrates for type I DNA topoisomerases (38) (39) (40) . Within oligoribonucleotides, 5 0 -phosphorothiolate linkages are highly activated and undergo cleavage via attack of the adjacent 2 0 -hydroxyl group much more rapidly than the corresponding 5 0 -oxygen species (35, 41, 42) (Figure 1) . In contrast to the reaction of the natural phosphodiester linkage, cleavage of a 5 0 -phosphorothiolate linkage within RNA generally exhibits less susceptibility to acid-assisted catalysis because the 5 0 sulfur itself is an excellent leaving group. The dinucleotide UpsU has been investigated as a substrate for RNase A and phosphodiesterases (41, 42) . Oligoribonucleotides containing 5 0 -phosphorothiolate linkages have been used successfully to investigate the mechanisms of several nucleolytic ribozymes including the hammerhead (36, 37, 43, 44) , HDV (45) and VS (46) ribozymes.
Substrates used for hammerhead ribozyme reactions have included an all-RNA oligonucleotide containing CpsC (37) and DNA oligonucleotides containing a 5 0 -phosphorothiolate that immediately follows a cytidine ribonucleotide, CpsdA (35) or CpsdC (36) . Synthesis of the all-RNA oligonucleotide containing CpsC employed solid phase synthesis with 2 0 -O-TBS-cytidine and 5 0 -thiocytidine phosphoramidites, but few details were reported concerning experimental procedure and characterization (37) . Synthesis of the CpsdA-containing DNA oligonucleotide involved solid phase synthesis using 2 0 -O-(1-(2-chloroethoxy)ethyl)-cytidine and 5 0 -S-trityl-2 0deoxyadenosine phosphoramidites (35) . To construct the CpsdC-containing DNA oligonucleotide, Thomas and Perrin used a semisynthetic approach, preparing by solid phase synthesis a DNA oligonucleotide terminating with a 5 0 -thiophosphorylated 2 0 -deoxycytidine residue and coupling this via T4 DNA ligase to an acceptor oligodeoxyribonucleotide bearing a 3 0 -terminal cytidine residue (36) . To study the HDV ribozyme, Das and Piccirilli introduced a CpsdG linkage into an RNA substrate by using 2 0 -O-(onitrobenzyl)cytidine and 5 0 -S-trityldeoxyguanosine phosphoramidites (45) . These examples notwithstanding, all of the solid phase strategies for synthesizing 5 0 -phosphorothiolates reported in the literature to date give very low yields. Moreover, many attempts by us to use solid phase strategies to synthesize RNA oligonucleotides bearing GpsA RNA linkages yielded no detectable product (Schemes S1-S4). Additional challenges associated with the lability and long-term storage of 5 0 -phosphorothiolate-modified oligoribonucleotides have limited their wider use as mechanistic probes in nucleic acid enzymology.
Here, we report a general semisynthetic approach to the construction of these highly activated RNA oligonucleotides. The method begins with the synthesis of an RNA dinucleotide containing a 2 0 -O-(o-nitrobenzyl)nucleoside linked to a second ribonucleoside via a 5 0 -phosphorothiolate linkage (Base 1 -[2 0 -O-(o-nitrobenzyl)]-ps-Base 2 ). The o-nitrobenzyl protecting group prevents the 2 0 -hydroxyl group adjacent to the 5 0 -phosphorothiolate linkage from promoting cleavage prematurely, and is readily removed with UV light under neutral conditions prior to biochemical studies (45) (46) (47) . The dinucleotide is then phosphorylated enzymatically and ligated to 5 0 and 3 0 flanking RNAs to produce a full-length 5 0 -phosphorothiolate oligoribonucleotide (Supplementary Figure S1 ). To establish proof-of-concept for this approach, we synthesized four 5 0 -phosphorothiolate-linked RNA dinucleotides and used two of these to construct oligoribonucleotides corresponding to substrates for the VS and HDV ribozymes.
MATERIALS AND METHODS
Compound 2a was prepared according to a literature procedure (48) . Under argon N 2 -isobutyrylguanosine 1 (1.72 g, 4.86 mmol) was treated with NaH (292 mg, 95%, 11.6 mmol) in N,N-dimethyl formamide (40 ml) at 0 C. After hydrogen gas generation ceased (about 40 min), onitrobenzyl bromide ( Figure 1 . Mechanism of ribozyme-mediated cleavage and ligation of RNA oligonucleotides containing a 5 0 -phosphorothiolate linkage. the mixture was stirred for 5 h at 0 C. The reaction was quenched with EtOH and neutralized with 1 N HCl. The mixture was evaporated, and the residue was purified by silica gel chromatography, eluting with 4-6% methanol in dichloromethane to give the product 2a (48) as a yellow foam (0.760 g, 32% yield). 1 
Compound 2b was prepared from 1 (1.72 g, 4.86 mmol), NaH (292 mg, 95%, 11.6 mmol) and a-methyl-onitrobenzyl bromide (1.68 g, 7.3 mmol) as described for 2a. Silica gel chromatography (4-6% methanol in dichloromethane) of the residue yielded 636 mg (26% yield) of 2b as a yellow foam. 1 
To a solution of 2a (192 mg, 0.393 mmol) in dry pyridine (4.0 ml) was added dimethoxytrityl chloride (DMTrCl) (400 mg, 1.18 mmol). After the mixture was stirred at room temperature overnight under argon, methanol (2 ml) was added to the reaction mixture. The solvent was removed, and the residue was purified by silica gel chromatography, eluting with 2% MeOH in CH 2 Cl 2 with 0.5% Et 3 N to give compound 3a (206 mg, 66% yield). 1 
Compound 3b was prepared from 2b (307 mg, 0.61 mmol) and DMTrCl (621 mg, 1.83 mmol) as described for 3a. Silica gel chromatography (1-2% methanol in dichloromethane containing 0.5% triethylamine) of the residue yielded 345 mg (70% yield) of 3b as a yellow foam. 1 
Compound 6a was prepared from 2 0 -O-(o-nitrobenzyl)-N 6 -benzoyladenosine (5a) (47) (974 mg, 1.92 mmol) and DMTrCl (1.95 g, 5.76 mmol) according to a literature procedure (47) . Silica gel chromatography (1% methanol in dichloromethane containing 0.5% triethylamine) of the residue yielded 6a (47) (1.31 g, 84% yield) as a yellow foam. 1 3 mmol) in pyridine/acetonitrile (120 ml, 1:1) was added. The mixture was stirred overnight at 55 C. The reaction mixture was cooled to room temperature, and the reaction was quenched by addition of H 2 O (10.0 ml). After stirring for 5 min, concentrated aqueous NH 4 OH (6.5 ml) was added at 0 C, and the mixture was stirred for 30 min. The solvent was removed, and the residue was purified by silica gel chromatography, eluting with 3-5% MeOH in CH 2 Cl 2 to give 3.44 g (71% yield) of 2 0 -O-(o-nitrobenzyl)-N 4phenoxyacetylcytidine (5b) as a yellow foam. 1 
Compound 6b was prepared from 5b (1.24 g, 2.42 mmol) and DMTrCl (2.46 g, 7.26 mmol) as described for 3a. Silica gel chromatography (1% methanol in dichloromethane containing 0.5% triethylamine) of the residue yielded 1.67 g (86% yield) of 6b as a yellow foam. 1 
To the solution of compound 3a (168 mg, 0.212 mmol) in pyridine (5 ml), diphenyl phosphite (149 mg, 0.626 mmol) was added. After 15 min (TLC analysis), the reaction was quenched by the addition of water/triethylamine (2 ml, 1:1 v/v), and the resulting mixture was stirred for 15 min. The solvent was evaporated, and the residue was partitioned between dichloromethane (50 ml) and 5% aqueous NaHCO 3 (20 ml). The organic layer was washed two additional times with 5% aqueous NaHCO 3 (20 ml) and subsequently dried over Na 2 SO 4 . Following removal of the solvent by evaporation under vacuum, the resulting residue was purified by silica gel chromatography, eluting with 0-10% methanol in dichloromethane containing 5% of triethylamine to give compound 7a (167 mg, 93% yield) as a yellow foam. 31 
Compound 7b was prepared from 3b (125 mg, 0.16 mmol), and diphenyl phosphite (113 mg, 0.47 mmol) as described for 7a. Silica gel chromatography (0-10% methanol in dichloromethane containing 5% of triethylamine) of the residue yielded 97 mg (72% yield) of 7b as a yellow foam. 31 P NMR (CD 3 CN) d 1.92; High resolution mass spectra calcd for C 43 
Compound 7c was prepared from 6a (340 mg, 0.42 mmol) and diphenyl phosphite (294 mg, 1.26 mmol) as described for 7a. Silica gel chromatography (0-10% methanol in dichloromethane containing 5% of triethylamine) of the residue yielded 250 mg (68% yield) of 7c as a yellow foam. 31 
Compound 7d was prepared from 6b (65 mg, 0.080 mmol) and diphenyl phosphite (56 mg, 0.23 mmol) as described for 7a. Silica gel chromatography (0-10% methanol in dichloromethane containing 5% of triethylamine) of the residue yielded 42 mg (60% yield) of 7d as a yellow foam. 31 
A solution of 5 0 -acetylthio-5 0 -deoxy-2 0 ,3 0 -O-isopropylideneadenosine (9a) (50) (365 mg, 1.0 mmol) in a mixed solvent of methanol (10 ml) and dichloromethane (5 ml) was saturated with ammonia at 0 C for 30 min. 2,2 0 -Dithiobis(5-nitropyridine) (620 g, 2.0 mmol) was then added, and the mixture was kept at 4 C for 48 h. The solvent was removed, and the residue was isolated by silica gel chromatography, eluting with 3-5% methanol in chloroform to give 10a (383 mg, 80% yield). 1 
A solution of 5 0 -acetylthio-5 0 -deoxyadenosine (9b) (50) (0.96 g, 2.95 mmol) in methanol (3.0 ml) was saturated with ammonia at 0 C for 1 h and then kept at 0 C for additional 1 h. Thin layer chromatography showed that the reaction was complete. 2,2 0 -Dithiobis(5-nitropyridine) (1.66 g, 5.35 mmol) was then added, and the mixture was stirred at room temperature for 2 h. The solvent was removed and the residue was isolated by silica gel chromatography, eluting with 5% methanol in chloroform to recover the excess 2,2 0 -dithiobis(5-nitropyridine), followed by elution with 10% methanol in chloroform to give 10b (1.091 g, 85% yield). 1 
To a solution of 10b (190 mg, 0.434 mmol) and 4-dimethylaminopyridine (213 mg, 1.74 mmol) in dichloromethane (10 ml), phenoxyacetyl chloride (0.20 ml, 1.43 mmol) was added. The reaction mixture was stirred at room temperature overnight. The solvent was removed, and the residue was isolated by silica gel chromatography, eluting with 2% methanol in chloroform to give 11 (190 mg, 52% yield). 1 
To a solution of 5 0 -deoxy-5 0 -iodo-2 0 ,3 0 -O-isopropylideneguanosine (13) (51) (0.812 g, 1.87 mmol) in anhydrous N,N-dimethyl formamide (15 ml) was added sodium thiobenzoate (0.901 g, 5.62 mmol). The mixture was stirred at room temperature for 2 h. Thin layer chromatography showed that the reaction was complete. The solvent was removed, and the residue was partitioned between dichloromethane and saturated aqueous sodium bicarbonate. The aqueous layer was extracted with dichloromethane, and the organic layers were combined, washed with brine and dried over anhydrous magnesium sulfate. The solvent was removed, and the residue was purified by silica gel chromatography, eluting with 5% methanol in chloroform to give 14a (0.531 g, 64% yield). 1 
According to the procedure for the synthesis of 14a, 5 0 -deoxy-5 0 -iodo-2 0 ,3 0 -O-isopropylideneguanosine (13) (51) (1.545 g, 3.57 mmol) was reacted with potassium thioacetate (1.22 g, 10.7 mmol) in anhydrous N,Ndimethyl formamide (50 ml) at room temperature for 2 h. After solvent was removed, the residue was isolated by silica gel chromatography, eluting with 5% methanol in chloroform to give 14b (0.796 g, 58% yield). 1 
To a flask containing 14a (0.628 g, 1.42 mmol), formic acid (8.0 ml) and water (2.0 ml) were added. After the mixture was stirred at 40 C for 24 h, the solvent was evaporated under reduced pressure, and the traces of formic acid were removed by coevaporating five times with absolute ethanol. The obtained powder was purified by silica gel column chromatography, eluting with 15-30% methanol in chloroform to give 15 (0.433 g, 75% yield). 1 (16) A solution of 5 0 -benzoylthio-5 0 -deoxyguanosine (15) in methanol (2.5 ml) and N,N-dimethyl formamide (2.5 ml) was saturated with ammonia and stirred at 0 C for 30 min. The mixture was then kept at 0 C for 1 h. To the resulting solution, 2,2 0 -dithiobis(5-nitropyridine) (77 mg, 0.25 mmol) was added, and the mixture was stirred at room temperature overnight. The solvent was removed by vacuum, and the residue was precipitated in chloroform. The solid was filtered off and rinsed with chloroform and methanol to give a yellow solid 16 (30 mg, 81% yield). 1 
A solution of 14b (100 mg, 0.26 mmol) in tetrahydrofuran (5.0 ml) and CH 3 OH (5.0 ml) was saturated with ammonia at 0 C for 30 min, and the mixture was kept at 0 C for additional 30 min. After the solvent was removed, the residue was dried over vacuum for 30 min. The residue was then dissolved in N,N-dimethyl formamide (5.0 ml). To the resulting solution, 2,2 0 -dithiobis(5-nitropyridine) (161 mg, 0.52 mmol) was added. The reaction mixture was stirred at room temperature for 1.5 h. The solvent was removed, and the residue was isolated by silica gel chromatography, eluting with 5% methanol in chloroform to give 17 (71 mg, 55% yield). 1 
Under argon, N,O-bis-(trimethylsilyl)acetamide (0.36 ml, 1.5 mmol) was added to a solution of 5 0 -O-DMTr-N 2 -isobutyryl-2 0 -O-(o-nitrobenzyl)guanosine 3 0 -H-phosphonate (7a) (63 mg, 0.066 mmol) and 5 0 -deoxy-5 0 -(5-nitropyridinyl-2-disulfanyl)-2 0 ,3 0 -O,N 6 -triphenoxyacetyladenosine (11) (86 mg, 0.10 mmol) in anhydrous tetrahydrofuran (10 ml). The mixture was stirred under reflux for 3 h. The solvent was removed, and the residue was then treated with 80% acetic acid (10 ml) at room temperature for 12 h. The excess acetic acid was removed, and the residue was dissolved in methanol (10 ml). The resulting solution was saturated with ammonia at 0 C for 30 min and kept at 0-4 C for 48 h. The solvent was removed, and the residue was dissolved in water (10 ml). The resulting aqueous solution was washed with chloroform (3 Â 10 ml), and the aqueous phase was evaporated. The remaining residue was purified by silica gel chromatography, eluting with acetonitrile/ water/triethylamine (85:15:1) to give the desired dinucleotide G-[2 0 -O-(o-nitrobenzyl)]-ps-A (18a) (68 mg, 24% yield). 1 
and N,O-bis-(trimethylsilyl)acetamide (0.27 ml, 1.0 mmol) in tetrahydrofuran (5.0 ml) was heated to reflux for 2 h. The solvent was removed, and the residue was treated with 50% formic acid (5.0 ml) at room temperature for 60 h. The excess acid was removed under vacuum by rotary evaporation, and the residue was dissolved in methanol (10 ml). The solution was saturated with ammonia at 0 C for 30 min and kept at 0-4 C for 48 h. The solvent was evaporated, and the residue was partitioned between water (10 ml) and chloroform (10 ml). The aqueous layer was separated and washed with chloroform (2 Â 10 ml). The aqueous phase was evaporated. 
RNA ligase-mediated ligation
The 9-nt RNA 5 0 -GCG GAU UGC-3 0 was purchased from Dharmacon and deprotected according to the manufacturer's instructions. In a 30-ml reaction volume, 10 nmol each of 9-nt RNA and dinucleotide were combined with 20 U of T4 RNA ligase 1 (New England Biolabs) and 10% DMSO in 1Â T4 RNA ligase 1 buffer (50 mM Tris-HCl, pH 7.8, 10 mM MgCl 2 , 1 mM ATP, 10 mM dithiothreitol). The reaction was incubated at 37 C for 1.5 h, extracted with PCI, precipitated with ethanol in the presence of glycogen and fractionated via 20% denaturing polyacrylamide gel electrophoresis (dPAGE). The band corresponding to the ligated 11-nt RNA was visualized by UV shadowing (as briefly as possible to minimize photodeprotection), excised, eluted into TE at pH 7.5 at 4 C overnight, extracted with PCI, precipitated with ethanol in the presence of glycogen and stored as a pellet at À20 C.
DNA ligase-mediated ligation
The 18-nt RNA 5 0 -pAGG GCG UCG UCG CCC CGA-3 0 was purchased from Dharmacon and deprotected according to the manufacturer's instructions. The 29-nt DNA splint 5 0 -TCG GGG CGA CGA CGC CCT TCG CAA TCC GC-3 0 was purchased from IDT. In a 60-ml volume, 2 nmol each of splint and the 11-and 18-nt RNAs were combined with TE at pH 7.5. The mixture was heated at 90 C for 3 min and incubated at 25 C for 30 min. Ligation was initiated by adding 20 ml of 10Â DNA ligase buffer [1Â DNA ligase buffer: 40 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 10 mM dithiothreitol, 1 mM ATP, 0.05 mg/ml bovine serum albumin], 2 nmol of T4 DNA ligase (prepared in-house) and water up to a final reaction volume of 200 ml. Following a 4-h incubation at 37 C, the ligation reaction was extracted with PCI, precipitated with ethanol in the presence of glycogen and fractionated on 20% dPAGE as described for the 11-nt ligated RNA. The band corresponding to the full-length, 29-nt VS ribozyme substrate was excised and processed in the manner described above for the 11-nt ligated RNA.
0 -LABELING, PHOTODEPROTECTION AND CHARACTERIZATION
Approximately 20 pmol VS substrate were 5 0 labeled with 32 P by a 30-min incubation at 37 C with an equimolar amount of radioactively labeled g-32 P ATP in the presence of 1Â kinase buffer and 10 U of T4 PNK in a 10-ml reaction volume. The radiolabeled VS substrate was purified via 20% dPAGE and eluted into TE pH 7.5 as described above. The purified 5 0 -labeled VS substrate was resuspended in water to an activity of $10 5 cpm/ml and stored at À20 C.
To remove the 2 0 -O-o-NBn protecting group, 1 ml labeled RNA was combined with 80 mM Na-MOPS pH 6 in a 10-ml volume in a 0.6 ml centrifuge tube. The mixture at the bottom of the tube was suspended at the focal point of a 100-W UV lamp (365 nm) and irradiated for 5 min. Alkaline hydrolysis reactions contained 1 ml of radiolabeled RNA (pre-or post-photodeprotection) and 9 ml of 50 mM NaHCO 3 . Following a 15-min incubation at 90 C, 10 ml of stop solution were added (8 M urea, 50 mM ethylenediaminetetraacetic acid, 0.02% bromphenol blue/ xylene cyanol) and the reaction mixture was fractionated on 20% dPAGE. RNase T1 reactions contained 1 ml of radiolabeled RNA and 1 U of RNase T1 (Roche) in TE (pH 7.5) in a 10-ml reaction volume. Following a 4-min incubation at 37 C, 10 ml of stop solution were added, and the reaction mixture was fractionated on 20% dPAGE.
For silver nitrate cleavage reactions, radiolabeled RNA ($6000 cpm) was combined with 2 mM silver nitrate in a 20 ml reaction volume and incubated in the dark at room temperature for 30-90 min. Subsequently, 0.6 ml of 100 mM dithiothreitol was added (3 mM dithiothreitol final concentration) and the mixture was centrifuged at 14 000 rpm for 3 min. To 10 ml of the resulting supernatant were added 8 ml of stop solution, and approximately half of this mixture was fractioned on 20% dPAGE.
SYNTHESIS OF HDV RNA SUBSTRATE 27 FROM DINUCLEOTIDE 18d
RNA ligase-mediated ligation to synthesize 5 0 -CUC 18d) was phosphorylated by incubation with 50 U of T4 polynucleotide kinase (PNK) and 10 mM ATP in 1Â kinase buffer (70 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 5 mM dithiothreitol) in a 50 ml reaction volume at 37 C overnight. The reaction mixture was worked up by PCI and ether extraction of the aqueous layers. The phosphorylated dinucleotide (24) was purified on a C18 reversed-phase high pressure liquid chromatography column (Vydac 201SP54) (0-30% acetonitrile/100-70% 0.1 M triethylammonium acetate, pH 7.0, over 30 min) and evaporated to dryness before further use. The 5-nt RNA 5 0 -CUCUU-3 0 (40 nmol) and phosphorylated dinucleotide 24 (pC 2 0 -X G 5 0 -Y ) (20 nmol) were incubated together with 200 U of T4 RNA ligase (NEB), 10 ml DMSO, and 1Â T4 RNA ligase buffer (50 mM Tris-HCl, pH 7.78, 10 mM MgCl 2 , 10mM dithiothreitol, 1 mM ATP) in a 100 ml reaction volume at 37 C for 6 h. The reaction mixture was worked up by PCI and ether extraction of the aqueous layers. The ligated product was purified by high pressure liquid chromatography on a C18 reversed-phase column (Vydac 201SP54) (6% acetonitrile/94% 0.1 M triethylammonium acetate, pH 7.0, for 5 min; then 6-16% acetonitrile/94-84% 0.1 M triethylammonium acetate, pH 7.0, over 30 min) and evaporated to dryness before further use.
DNA ligase-mediated ligation to synthesize 5 0 -pCUC
Prior to the ligation step, 5 0 -CUC UUC 2 0 -X G 5 0 -Y -3 0 (20 pmol), synthesized as above, was radioactively 5 0 -32 P labeled by incubation with 3 U of T4 PNK and 25 pmol of g-32 P ATP (Perkin-Elmer) for 30 min at 37 C. The reaction mixture was then extracted with PCI and precipitated with ethanol in the presence of glycogen. In the hybridization step prior to ligation, 5 0 -32 P-CUC UUC 2 0 -X G 5 0 -Y -3 0 (approximately 20 pmol), unlabeled 5 0 phosphorylated donor oligonucleotide 5 0 -pGGU CGG C-3 0 (500 pmol), and the 14-nt DNA splint 5 0 -GCC GAC CCG AAG AG-3 0 (500 pmol) were denatured in the presence of 1 mM Tris-HCl at pH 7.5/0.1 mM ethylenediaminetetraacetic acid, pH 8.0, in a 4.5 ml reaction volume at 90 C for 2 min and then chilled on ice. NaCl was added to give a final concentration of 100 mM (reaction volume 5 ml), and the sample was allowed to hybridize at 4 C for 2-4 h. Ligation was initiated by adding DNA ligase buffer (1Â: 1mM MgCl 2 , 66 mM Tris-HCl, pH 7.5, 10 mM dithiothreitol, 66 mM ATP), T4 DNA ligase (170 pmol) and RNase inhibitor (Ambion Inc.; 6 U) in a 10 ml final reaction volume, and incubating at 15-20 C overnight. The DNA splint was removed by treatment with RQ1 RNase-free DNase (Promega, 10 U) for 3 h at 37 C. The reaction mixture was then PCI extracted and ethanol precipitated in the presence of glycogen, and the ligation product was purified by gel electrophoresis on a 20% denaturing polyacrylamide gel.
Analysis of HDV RNA substrates
Alkaline hydrolysis reactions contained 5 0 radioactively 5 0 -32 P labeled RNA ($2000 cpm) and 10 mM NaHCO 3 , pH 9, in a 10-ml reaction volume. Samples were heated at 90 C for 15 min and chilled on ice before adding 8 ml of stop solution (90% formamide, 10 mM ethylenediaminetetraacetic acid, pH 8, 0.01% bromophenol blue/xylene cyanol). For RNase T1 sequencing ladders, radioactively 5 0 -32 P labeled RNA (2000 cpm) was combined with 5 M urea, 20 mM sodium citrate, pH 5, and 1 U of RNase T1 (Roche) in a final reaction volume of 10 ml. After a 15-min incubation at 37 C, 8 ml of stop solution was added. UV deprotection was accomplished by placing 4 ml of radioactively 5 0 -32 P labeled RNA into the bottom of a 0.6-ml tube and exposing the sample to UV light (UVP; 365 nm, 100 watts) for 4 min, as described previously (45) . Half of each reaction mixture was loaded on a denaturing 20-25% polyacrylamide/7M urea gel to separate cleaved products from uncleaved substrate, and bands were visualized on a PhosphorImager (GE Healthcare) with ImageQuant software (Molecular Dynamics).
RESULTS AND DISCUSSION
Before embarking on the semisynthetic approach described here, we attempted to prepare RNA oligonucleotides containing G-[2 0 -O-(o-nitrobenzyl)]-ps-A linkages by solid phase synthesis. We prepared suitably protected phosphoramidite derivatives of 5 0 -mercaptoadenosine and 2 0 -O-(o-nitrobenzyl)]-guanosine. Solid phase synthesis using these components gave none of the desired oligonucleotide, however (Scheme S1). Multiple attempts at in situ generation of a 5 0 -thiophosphoramidite on the solid support followed by coupling to the 3 0 -OH of a suitably protected 2 0 -O-(o-nitrobenzyl)]-guanosine derivative (Schemes S2-S4) also yielded no desired product. We believe that three factors adversely affect the solid-phase synthesis: (i) incomplete detritylation by AgNO 3 (mass spectra detected a significant amount of 5 0 -TrS oligonucleotide); (ii) inefficient coupling of the 5 0 -SH to the 3 0 -ribonucleoside phosphoramidites (5 0 -HS oligonucleotide and its disulfide were isolated and confirmed by MS); and (iii) possible degradation at the 5 0 -S phosphorothiolate ester linkage during postsynthetic deprotection steps [from both base and fluoride treatment (52) ]. In 1995, Liu and Reese reported the synthesis of the RNA dinucleotide UpsU containing a 5 0 -phosphorothiolate linkage via the reaction of 2 0 -O-THP-5 0 -O-(9-phenylxanthen-9-yl)uridine 3 0 -H-phosphonate with 2 0 ,3 0 -Odiacetyl-5 0 -deoxy-5 0 -(2-nitrophenyl-1-disulfanyl)uridine in the presence of chlorotrimethylsilane and triethylamine (41) . The reaction intermediate was first treated with ammonia in methanol (1:1) and then with 2% acetic acid in water to give UpsU (41) . This dinucleotide was found to be much more susceptible to cleavage than UpU under neutral and mildly basic conditions (at pH 7 and 30 C, t 1/2 = 13 h; at pH 8 and 30 C, t 1/2 = 2.2 h) (41). The UpsU dinucleotide was also synthesized by Thomson The o-nitrobenzyl group, or groups containing this moiety, prevent premature hydrolysis of the 5 0 -phosphorothiolate linkage until they are removed by irradiation with UV light (>320 nm wavelength). The removal of the photolabile groups involves abstraction of a hydrogen from the a-methylene carbon by the UV-excited nitro group, followed by rearrangement to o-nitrosobenzaldehyde and the deprotected alcohol (53-56) (Supplementary Figure S2) . We then used the novel dinucleotides as building blocks for the construction of full-length RNA oligonucleotides containing 5 0 -phosphorothiolate linkages. Synthesis of 5 0 -deoxy-5 0 -(5-nitropyridinyl-2-disulfanyl) nucleosides. The 5 0 -S-acetyl-5 0 -thioadenosine derivatives 9a and 9b were prepared from 2 0 ,3 0 -isopropylideneadenosine (8) according to Pignot's procedure (50) . Reactions of 9a or 9b with 2,2 0 -dithiobis (5-nitropyridine) in an ammonia-saturated methanol solution at 0 C yielded the corresponding 5 0 -deoxy-5 0 -(5-nitropyridinyl-2-disulfanyl)adenosine derivatives (10a and b) in 80 and 85% yields, respectively. The unprotected 5 0 -disulfide adenosine derivative 10b was converted to the corresponding N 6 ,2 0 ,3 0 -O-triphenoxyacetyladenosine derivative 11 in 52% yield (Scheme 4).
Synthesis of the modified RNA dinucleotides
Attempts to use Pignot's procedure to prepare the 5 0 -Sacetyl-5 0 -thioguanosine derivative (14b) were not successful. The reactions of 2 0 ,3 0 -isopropylideneguanosine (12) with AcSH in the presence of diethyl azodicarboxylate and triphenylphosphorane resulted in either a complex product mixture or the recovery of the starting material. Instead we prepared 14a and 14b from 5 0 -deoxy-5 0 -iodo-2 0 ,3 0 -O-isopropylideneguanosine (51) (13) by reaction with potassium thioacetate or sodium thiobenzoate in N,N-dimethyl formamide at room temperature for 2 h (Scheme 5). Removal of the isopropylidene group from 14a using 80% formic acid gave 5 0 -Sbenzoyl-5 0 -thioguanosine (15) in 75% yield. Attempts to convert 15 to the corresponding nitropyridinyl disulfide derivative using the same conditions as for the coversion of adenosine derivative 9b into 10b gave predominantly the dimer 16 in 81% yield. 2-disulfanyl)guanosine derivative was detected by mass spectrometry. In contrast, we found that under similar conditions 14b was converted into 2 0 ,3 0 -Oisopropylidene-5 0 -deoxy-5 0 -(5-nitropyridinyl-2-disulfanyl)guanosine 17 in 55% yield (Scheme 5).
Synthesis of RNA dinucleotides containing a 5 0 -Sphosphorothiolate linkage via an Arbusov reaction. The reaction of 7a with 11 was achieved by the addition of excess bis(trimethylsilyl)acetamide in refluxing tetrahydrofuran (Scheme 6). The reaction product, which was first treated with 80% acetic acid and then with ammonia in methanol for 48 h, gave the desired dinucleotide G[2 0 -O-(o-nitrobenzyl)]-ps-A (18a) in 24% yield. Similarly, we prepared G[2 0 -O-(a-methyl-onitrobenzyl)]-ps-A (18b) in 45% yield from 7b and 10a. The coupling product was treated with 50% formic acid for 60 h to remove the isopropylidene group (Scheme 6). Additionally, in this reaction we found that protection of the amino group of 10a was not required. We then prepared A[2 0 -O-(o-nitrobenzyl)]-ps-G (18c) from 7c and 17 in 50% yield, and C[2 0 -O-(o-nitrobenzyl)]-ps-G (18d) from 7d and 17 in 67% yield (Scheme 7). The progress of each reaction step was monitored with 31 P NMR. As expected, we found that the dinuleotides were stable under acidic conditions (50% formic acid, room temperature, 60 h), but decomposed slightly following treatment with base (NH 3 /MeOH or NH 4 OH). (Figure 2A ). Phosphorylation was confirmed by reversed-phase high pressure liquid chromatography, which showed that the phosphorylated dinucleotide 19 eluted about 3 min earlier than the starting material (data not shown). The high pressure liquid chromatography traces also showed that little, if any, starting material remained. The phosphorylated dinucleotide was then ligated enzymatically to flanking RNA oligonucleotides via two sequential ligation reactions. In the first ligation step, the phosphorylated dinucleotide (19) was incubated with the 9-nt RNA 5 0 GCG GAU UGC 3 0 20 in the presence of T4 RNA ligase and ATP ( Figure 2B ). T4 RNA ligase catalyzes the ligation of an oligonucleotide bearing a 5 0 phosphate group (the donor) to a second oligonucleotide bearing a free 3 0 -OH group (the acceptor). This strategy usually requires the donor oligonucleotide to have a 3 0 phosphate group to preclude multiple additions of the donor to the 3 0 -end of the ligated product (59) . However, in our ligation reactions we observed an umambiguous major band corresponding to the 11-nt product 21, with few higher order ligation products (data not shown).
Once 21 had been isolated by gel purification, we ligated it to the 18-nt RNA 5 0 AGG GCG UCG UCG CCC CGA 3 0 22 by using T4 DNA ligase and a complementary DNA splint (60) ( Figure 2C ). Ligation of 21 to 22 was less efficient than ligation of an all-oxygen version of 21 to 22 (data not shown). However, an unambiguous product band for the full-length phosphorothiolate substrate 23 was discerned and excised from the purification gel. For further characterization, both phosphorothiolate substrate 23 and an all-oxygen substrate constructed in the same manner described above were radioactively 5 0 -32 P labeled using T4 PNK and g-32 P ATP. Alkaline hydrolysis and RNase T1 ladders confirmed the expected sequence of 23, while treatment with silver nitrate confirmed the position of the sulfur linkage (Figure 3, lane  20) . A gap in the alkaline hydrolysis and RNase T1 ladders was observed at the position of the nucleotide bearing the photoprotected 2 0 -hydroxyl group (Figure 3,  lanes 7-9 and 13-15 ). Pre-treatment of the sample with UV light restored cleavage at this site by both base and RNase T1 (lanes 10-12 and 16-18). The oligonucleotides 21 and 23 were purified by denaturing polyacrylamide gel electrophoresis, and identities were confirmed by MALDI-TOF MS ( Supplementary Figures S3 and S4 ).
Construction of a full-length HDV ribozyme substrate. We then adapted this new two-ligation approach to synthesize a 14-nt RNA substrate for the HDV ribozyme containing both a 5 0 bridging phosphorothiolate and a protected 2 0 hydroxyl group at the cleavage site ( Figure 4 ). Following 5 0 -phosphorylation of C[2 0 -O-(o-nitrobenzyl)]-ps-G (18d) (shown as C 2 0 -X G 5 0 -Y in Figure 4 ), the first RNA ligase-mediated step proceeded under conditions similar to those for the synthesis of the VS ribozyme substrate, and the ligation product (25) was purified by reversed-phase high pressure liquid chromatography (Supplementary Figure S5 ). However, likely due to the less favorable hybridization of the DNA splint to the short (7-nt) RNA oligonucleotides required for this substrate, the second ligation step occurs less efficiently. The ligated full-length substrate (27) was only observed if the 7-nt phosphorothiolate RNA was radiolabeled prior to the second ligation step. The full-length 14-nt RNA substrate (27) was then purified and characterized. Unmodified substrates synthesized either by ligation or by solid-phase synthesis behaved similarly to each other when subjected to alkaline hydrolysis and RNase T1 digestion ( Figure 5,  lanes 7, 8, 11 and 12 ). Alkaline hydrolysis and RNase T1 ladders confirmed the expected sequence of 27 (lanes 5 and 9). A gap in the alkaline hydrolysis ladder was observed at the position of the nucleotide bearing the photoprotected 2 0 -hydroxyl group ( Figure 5, lane 5) . Like VS ribozyme substrate 23, pre-treatment of the sample with UV light restored cleavage at this site by base ( Figure 5, lanes 2, 6 and 10) . Thus, the two-step ligation-based approach to synthesizing ribozyme substrates from modified dinucleotides was extended successfully to the shorter 14-nt HDV ribozyme substrate.
In summary, we have established a reliable semisynthetic approach to construct oligoribonucleotides containing a 5 0 -phosphorothiolate linkage. The approach begins with synthesis of the desired dinucleotide linked by the 5 0 -phosphorothiolate and photocaged as an o-nitrobenzyl ether derivative at the adjacent 2 0 -hydroxyl group (Base 1 -[2 0 -O-(o-nitrobenzyl)]ps-Base 2 ). Enzymatic phosphorylation followed by consecutive ligations to upstream and downstream oligoribonucleotides effectively incorporates the phosphorothiolate dinucleotide into longer oligoribonucleotides. The photolabile o-nitrobenzyl group, removed readily via UV irradiation, stabilizes the labile 5 0 -phosphorothiolate linkage, facilitating handling and storage of the modified oligoribonucleotide and enhancing signal-to-noise during experiments. We anticipate that this semisynthetic strategy will provide access to oligoribonucleotides containing any 5 0 -phosphorothiolate dinucleotide, permitting their more widespread use in mechanistic investigations and other biological applications.
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